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ABSTRACT 

 

Introduction: The aims of the present study were to compare 

the biomechanical effects of posterior semi-rigid and rigid 

stabilization on the adjacent segments after mono-segmental 

fusion at the different lumbar spine level. 

Methods: A detailed, nonlinear L1-Sacrum finite element (FE) 

model had been successfully developed and validated. The 

thoracic model was placed on the upper endplate of L1 body. 

The pelvic tilting was simulated to reduce the exaggerated 

response in the lower lumbar spine. Then four formulated 

models were reconstructed by different fixation techniques on 

the L3-L4, L4-L5, and L5-S1 level : the intact model, rigid 

fixation model with an interbody spacer (Ti+IS), semi-rigid 

fixation model with an interbody spacer (PEEK+IS), and semi-

rigid fixation only model (PEEK). Analyses were conducted for 

the case of an erect standing position, 30o flexion, and 20o 

extension motion. 

Results: At the upper segment (L2-3 and L3-4) of L3-4 and 

L4-5 models, intersegmental rotation(ISR), intradiscal 

pressure(IDP), facet contact force(FCF), and annular shear 



ii 

 

stress decreased in the PEEK+IS compared to intact model and 

Ti+IS. At the lower segments (L4-5 and L5-S1), ISR, FCF, 

tension in capsular ligament, and annular shear stress increased. 

IDPs were lower than those of intact model but the difference 

was not prominent. Ti+IS demonstrated increased ISR, IDP, 

FCF, tension in capsular ligament, and annular shear stress 

compared to intact model and PEEK+IS at the upper segments. 

At the lower segments, ISR, IDP, tension in capsular ligament, 

and annular shear stress decreased. FCFs increased more than 

those of intact model but were lower than those of PEEK+IS. In 

the L5-S1 instrumented model, there was no difference 

between two models. All parameters increased in the upper 

adjacent segment. 

Conclusions: Posterior instrumentation with PEEK rods may 

lower the incidence of disc and facet degeneration in the upper 

adjacent segment compared to Ti rods in the L3-4 and L4-5 

models. On the other hand, the possibility of facet degeneration 

and consequent adjacent segment degeneration (ASD) may 

increase for PEEK rods in the lower adjacent segment in the 

long term. Interestingly, Ti rods have the protective effect on 

ASD rather than uninstrumented status at the lowere adjacent 
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segment. However, in the L5-S1 model, the stiffness of rod 

could not influence on the biomechanical changes and a negative 

effect on the upper adjacent segment was found irrespective of 

kinds of rod. Author hypothesizes that the motion changes at 

the lower adjacent segments are related to different load 

sharing patterns between Ti and PEEK rod and the direction of 

intersegmental rotation at the lower adjacent segments 

(especially, L5-S1 segment) is determined under the influence 

of the transmitted load through spacers (Fig. 36-41). And then 

the motion at the upper adjacent segments is likely to be 

controlled for the compensation in whole lumbar motion.  

------------------------------------- 

Keywords: adjacent segment degeneration, finite element 

analysis, rod stiffness, PEEK, Titanium (Ti) 
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GENERAL INTRODUCTION 

 

Adjacent segment degeneration (ASD) after spine fusion is a 

troubling problem because it can lead to increased pain and 

functional loss, as well as possible revision surgery. Thus it has 

been one of the most important complications and problems of 

spinal fusion. It is not fully understood whether these changes 

occur as a direct result of the fusion or as a natural progression 

of the initial spinal degeneration. There has also been debate 

about the exact incidence and risk factors of ASD. This is 

because radiographic ASD did not match symptomatic ASD. 

Recently, the annual incidence of symptomatic ASD is reported 

as 3.9% by Ghiselli et al. [16] and as 2.5% according to Sears 

et al. [37]. Sears et al. also reported that the mean annual 

incidences in the first 10 years after a lumbar fusion were 1.7% 

for a single level, 3.6% for two levels, and 5.0% for three and 

four levels. The 5- and 10-year prevalence was 9% and 16% 

for a single level, 17% and 31% for two levels, and 29% and 40% 

for three and four levels, respectively. Known risk factors of 

ASD at the upper adjacent segment include facet joint violation 

during the placement of the cephalad-most screws [16], fusion 
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above L5 [36], pre-existing facet degeneration [26], 

coexistence of laminar horizontalization and facet tropism [30], 

length of fusion [6], posterior interbody fusion rather than 

anterior interbody fusion [28], and performing an additional 

laminectomy adjacent to a fusion [25]. ASD at the lower 

adjacent segment may also occur due to failure of the most 

distal fixation, positive sagittal balance, younger age, or 

preoperative radiographic degeneration [13,24].  

It has been suspected that the stiffness of the instrumented 

levels relates directly to increased stress on the cranial 

adjacent segment and facet joints [8,41]. The increased load 

over time leads to segmental hypermobility, facet joint 

hypertrophy, osteophyte formation, and spinal stenosis [4]. 

The stiffness of a pedicle screw/rod construct is non-

physiological compared with a mature posterolateral arthrodesis 

without instrumentation, let alone native bone. Nonmalleable 

constructs of titanium (Ti) are probably far more rigid than 

needed to augment fusion. With regard to the posterior lumbar 

interbody fusion (PLIF) and posterolateral fusion (PLF) 

surgical techniques used in the current series, Rahm and Hall 

[35] reported a higher incidence of ASD after PLIF when 
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compared with PLF in the retrospective study. Sudo et al. [41] 

have found increased intradiscal pressure and lamina strain in 

the upper adjacent segment with cadaveric specimens subjected 

to the PLIF procedure compared with a PLF procedure. This 

increase was related to the fact that the range of motion at the 

instrumented levels was significantly decreased in the PLIF 

models compared with that in the PLF alone models after both 

the one-and two-segment fusions. Min et al. [28] evaluated 48 

patients with instrumented L4-5 fusions, which were divided 

into anterior lumbar interbody fusion (ALIF) versus 

transforaminal lumbar interbody fusion (TLIF). Radiographic 

ASD was found in 44% in ALIF and 83% in TLIF. This would 

suggest that posterior interbody fusion procedures may place 

patients at a greater risk for adjacent segment degeneration. 

The lower incidence of ASD is related to residual motion after 

PLF or ALIF. Semi-rigid fixation using PEEK rods is likely to 

maintain the residual motion after instrumentation because of 

the lower stiffness than Ti rod and to reduce the possibility of 

ASD.  
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INTRODUCTION 

Recently, some biomechanical analyses were carried out to 

compare the effectiveness of semi-rigid fixation devices. Using 

a posterior fixation device for dynamic non-fusion stabilization 

was studied by Rohlmann et al. [36] for its effects on the loads 

in the lumbar spine. Using a lumbar spinal column finite element 

(FE) model with a paired implant at level L3-4, they found that 

the stiffness of a posterior implant has only a minor effect on 

intradiscal pressure at the adjacent L2-3 level despite an 

increase in intersegmental rotation and facet joint forces for 

axial rotation and extension. A similar analysis was also carried 

out by Galbusera et al. [15]. The effect of stiffness of different 

rods on the biomechanics of an L2-5 FE model was studied 

with the application of a non-fusion stabilization system to the 

L4-5. A biomechanical study by Tuner et al. [42] using PEEK 

rods as a kind of fusion technology demonstrated that planar 

motion showed no differences between the groups instrumented 

with Ti and PEEK rods. 

However, none of the previous studies have dealt with the 

effect of semi-rigid rods after mono-segmental fusion and 

posterior semi-rigid stabilization on the mechanical behavior in 
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the lower and upper adjacent segment quantitatively; there is a 

need to compare the effects on each of the adjacent segments. 

The aim of the present study was to compare semi-rigid rods 

and rigid rods for their effects on the stability of the 

instrumented level and the accompanying effect on the adjacent 

segments under the conditions of L3-4, L4-5, and L5-S1 

mono-segmental fusion. An additional aims of the study were 

to evaluate the impact of the amount of fusion mass on the 

biomechanical differences between the two groups (PEEK rod 

vs Ti rod) and to find out the relationship between load sharing 

pattern due to rod stiffness change and the mechanism of 

motion changes at the adjacent segments. 
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MATERIALS AND METHODS 

 

1. Non-linear three-dimensional FE model of a healthy L1 

body-sacrum spine column 

A three-dimensional whole lumbar spinal column model was 

constructed as an extension of our previously validated one 

motion segment models [9,22]. Those one motion segment 

models were consisted with L4 and L5 vertebrae composed of 

hexahedron elements. The boundary between the cortical shell 

and cancellous core was divided by the element boundaries. For 

practical purposes, the transverse cross sectional shape of an 

intact specimen was assumed to be symmetrical about the 

midsagittal plane. The cortical shell which has 1mm thickness 

and the cancellous bone core were modeled separately so as to 

assign different material properties. To the posterior bony 

elements, same material property values as those of cortical 

bone were assigned because the amount of cancellous bone is 

difficult to estimate. The thickness of the endplate was 0.5 mm. 

Three-dimensional isoparametric solid elements were applied 

for the bony elements. The annulus was modeled as a 
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composite of fiber layers superimposed on the ground 

substance and assumed to have four layers to match the 

corresponding bony elements. The average angle of the 

modeled fibers of the annulus, in crisscross pattern, was 30° 

and 150° with respect to horizontal plane. Three dimensional 

tension-only truss elements were applied to the fibers. For the 

ground substance, three-dimensional isotropic solid element 

was applied. The volume fraction for fiber in the annulus was 

assumed to be 16%. The nucleus which occupies 48% of the 

disc cross-sectional area was simulated with a three-

dimensional incompressible fluid element. The simulated model 

of facet joint articulation was three-dimensional interfaces or 

gap element model which supports only compression in the 

direction normal to the surface. The seven spinal ligaments that 

connect the vertebrae were modeled as three-dimensional, 

tension-only truss element. The elements were oriented along 

the direction of corresponding ligaments. Same material 

properties adapted in our previous studies [9,23] was assigned 

to each component to complete the model. A mesh sensitivity 

analysis was performed on a part of the model of the intact 

spine (functional motion segment L3-4, including vertebrae, 
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disc, and ligaments) and it was determined that an acceptable 

compromise between solution accuracy and solution time was 

achieved. (Nucleus pressure and axial displacement difference 

was only 3.3% and 5.7% under 400N of compressive load, and 

angular rotation difference was 5.73% and 4.78% under 6Nm 

flexion and extension moment respectively when the mesh 

density was increased eight-fold. The calculation time was 

increased 27 times despite of this small change.) The shape of 

the vertebrae was modified on the basis of the human anatomy 

surface data [21,43] to create that of the different levels. The 

same element types, modeling procedure, and material 

properties used in our one motion segment model were applied 

to the spinal column model generation. The reported tensile 

behavior of the multi-layer annulus indicated that larger 

variations in the tensile modulus occur with variation in the 

radial position in the disc than from variation across the 

anterior to posterolateral regions [12], and accordingly, the 

material properties of the annulus fibers were modified based 

on this observation. Twelve different groups of nonlinear 

material properties were assigned to the tension-only truss 

element in the annulus model to incorporate those regional 
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variations (Table 1). Responses in modified motion segment 

model (i.e. force-displacement relation, nucleus pressure, facet 

contact force, ligament strain) also matched well with our 

previous reports. The constructed model contained 26,364 

nodes and 38,173 elements. The model that was developed 

shows an erect standing posture and the initial lordosis angle 

between the superior endplates of L2 and S1 was 43o (Fig. 

1).[44]  

 
 

Figure 1. The detailed lumbar spinal column model developed in 

the preliminary study, including the loading frame of the trunk 

weight, flexor/extensor muscle application, and follower load. 
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Segmental disc angles were determined as follows: 3°for L1-

2, 3°for L2-3, 7°for L3-4, 10°for L4-5, 13°for L5-S1 

(Fig. 2).  

 

 

Figure 2. The constructed model without any load showing the 

initial segmental angles 

 

The spinal column model was validated on the basis of the 

results from in vitro measurement [31,46] and FE analysis. 

[29,38] Good agreement was found for a 10 Nm flexion-

extension bending moment with the inter-segmental range of 

motion predicted by our FE model falling within the 

experimental standard deviation interval (Fig. 3). 
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Figure 3. Comparison between the relative rotation angle under a 

10 Nm flexion-extension moment predicted by FE studies and in 

vitro measurements. 

 

2. Simulation of an interbody fusion mass and various kinds 

of instrumentation 

In the preliminary analysis to evaluate the impact of the amount 

of fusion mass on the biomechanical differences between the 

two kinds of fixation systems, the L3-4 motion segment was 

selected for application of the instrumentation system. That 

was because both upper and lower adjacent segments of L2-3 

and L4-5 were not susceptible to the effect of boundary 
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conditions such as the fixed sacrum and rigid plate attached to 

the upper endplate of L1 (Fig. 4). For the simulation of 

interbody fusion, two interbody spacer models (E=6 GPa < 12 

GPa of cortical bone), which were placed parallel to the mid-

sagittal plane maintaining initial L3-4 disc angle, could be 

generated by replacing the parts of the nucleus elements as 

shown in Figure 4. The nodes between the endplate and 

interbody spacer model were shared to simulate the interbody 

union. These interbody spacer models (IS) occupied 38% of the 

nucleus volume. The largest interbody spacer model (IS_all) 

was also designed with the whole nucleus replaced by the 

interbody spacer to identify the effect of the fusion mass. The 

implanted models were constructed to simulate postoperative 

changes with two kinds of fixation systems: a conventional Ti 

rigid rod (circular cross section, diameter=6.0 mm; Young’s 

modulus, E=110 GPa; Possion’s ratio, υ=0.3) and a PEEK rod 

(ellipsoidal cross section, major diameter=7.0 mm, minor 

diameter=6.2 mm, rod radius of curvature=120.0 mm; E=3.6 

GPa; υ=0.3) with pedicle screws (Fig. 4).  
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Figure 4. Finite element models of (a) intact, (b) instrumented 

with PEEK rod and (c) Ti rod systems. Parts of the bony 

elements were removed for a clear view of the pedicle screw. 

 

Among the semi-rigid fixation devices, the PEEK rod was 

chosen for this study because of its unique design 

characteristics, in which its stiffness in extension is larger than 

in flexion (Fig. 5).  
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Figure 5. The photograph of PEEK rod 

 

The implant was fixed to the vertebrae by two transpedicular 

screws on each side. The screw section in the pedicle screw 

was simplified as a beam element which had the same bending 

stiffness as the actual screw, and the screw head section was 

reconstructed through FE modeling. Since our models were 

designed to simulate the biomechanical behavior of long-term 

status after instrumentation, the bone-screw interface was 

assumed to be completely bonded via the node sharing 

condition. The connection between the rods and screws was 

simulated to be firmly connected. The same material property 

of Ti was assigned to the screw head section.  

Five models were reconstructed by different fixation 

techniques on the L3-L4 level : rigid fixation with an interbody 



16 

 

spacer (Ti+IS), rigid fixation with a large interbody spacer 

(Ti+IS_all), semi-rigid fixation with an interbody spacer 

(PEEK+IS), semi-rigid fixation with a large interbody spacer 

(PEEK+IS_all), and semi-rigid fixation only (PEEK). First of 

all, four models (Ti+IS, Ti+IS_all, PEEK+IS, and PEEK+IS_all) 

were used to evaluate the effect of fusion mass amount on the 

adjacent segments. Then four formulated models (intact, Ti+IS, 

PEEK+IS, and PEEK) with the L3-L4, L4-L5, and L5-S1 

level instrumented were reconstructed respectively for the 

evaluation of the impact of level difference (Fig. 6). 
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Figure 6. The type of force applied to the model in the present 

study and various simulation models with instrumentation. 

 

3. Loading conditions and validation in the L4-5 intradiscal 

pressure of intact model 

A rigid plate model was placed at the upper endplate of the L1 

vertebral body to provide loading frame and 200mm of lever 

arm was additionally attached onto the rigid plate (Fig. 7).  

 

 

Figure 7. The path of follower load and upper boundary condition 
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The mid-center of level arm was located at the two third of L1 

vertebral body from the end of the anterior surface, which was 

close to its center of rotation. 

The contribution of paraspinal deep muscle on the spine motion 

was incorporated using a simplified load i.e. the follower load 

(FL) (Fig. 7). In order to apply the compressive FL, connector 

elements were applied between each of the vertebral body 

centers and then local coordinates were assigned to each 

connector element, which were to provide the acting direction 

of the FL in accordance with the changed curvature of the 

spinal column (Fig. 7). 

Erect standing posture was simulated by imposing 400N of 

upper body weight (UBW) in the gravitational direction onto the 

rigid plate along with compressive pre-load (FL). Then, 

additional bending moment through the force applied on the 

lever arm was imposed on the L1 vertebra to sustain its initial 

position. In this case, L1 vertebra translated vertically due to 

the compressive load supplied by UBW, FL and force on the 

lever arm.  

For the proper selection of the FL, the calculated result of the 

L4-5 nucleus pressure was compared with reported in-vivo 
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measurements [45]. The optimal value of the FL could be 

derived by trial and error so as to generate a nucleus pressure 

close to that of the experimental data (Fig. 8).  

 

 

Figure 8. Nucleus pressure at L4/5 segment predicted in the 

preliminary study compared to in vivo measurement  

 

100 N of FL combined with 400 N of UBW was determined. To 

generate flexed or extended posture, center of L1 vertebra in 

the unloaded model translated to the desired flexed/extended 

position with respect to the center of upper endplate of S1, 

which was attached in the sacrum. Same loading procedure was 

applied to simulate loading conditions under flexed/extended 

posture. During the simulation of flexed/extended posture, 
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100N of FL was maintained regardless of flexion or extension 

angle. A fixed boundary condition was applied to the sacral 

body. Analyses were conducted for the case of the erect 

standing position, 30o flexion, and 20o extension motion. 

 

4. Modification of boundary and loading conditions 

Some limitations were found based on the previous data and 

revised the model to overcome the weakness. Those limitations 

are as follows: the effect of boundary condition on the L1-2 

segment and the simulation of the real coordinated lumbar-

pelvic motion. Therefore, the rigid thoracic model was placed 

on the upper endplate of L1 body instead of the rigid plate to 

avoid the effect of boundary condition on the L1-2 segment 

(Fig. 6). The trunk weight at the center of mass of the thoracic 

model and the follower load on the spinal column were applied 

successively. To approximate the action direction of real 

extensor and flexor forces, the origin and insertion site of 

simplified extensor muscle forces were determined as the 

spinous processes of S2 and T10. The origin and insertion site 

of simplified flexor muscle forces were defined as symphysis 

pubis and xiphoid process. The magnitude of the muscle force 
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in the extensor or flexor was adjusted until the center of mass 

at the thoracic model was moved to the desired position. 

Furthermore, pelvic tilting was simulated during flexion/ 

extension motion to reduce a range of possibilities for 

exaggerated inter-segmental rotation and intradiscal pressure 

in the lower lumbar spine by the fixed sacro-pelvic bone. The 

pelvic bone was rotated on an axis of the acetabular fossa. The 

lumbar-pelvic ratio for 30o flexion motion (21.1o/ 8.9o = the 

amount of rotation in the lumbar spine / the amount of rotation 

in pelvic bone) was 2.7 according to Granata et al.’s study [20] 

(Fig. 9).  
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Figure 9. Lumbar-pelvic coordination in 30o flexion 

 

The authors assumed that the lumbar-pelvic ratio for 20o 

extension would be 4 (16o/4o) based on the radiographic results 

under the dynamic spinal motions with the knee fully extended 

(Fig. 10).  

 

Figure 10. Lumbar-pelvic coordination in 20o extension 

The ratio for 20o extension was measured and averaged from 

three healthy subjects because there have been no references. 
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5. Acquisition of analytical data (ISR, IDP, FCF, LigTF,, and 

stress distribution at disc and vertebrae) 

Analytical data relating to adjacent segmental degeneration 

which was caused by disc and facet degeneration were 

gathered. To analyze intersegmental rotation (ISR) change in 

detail, authors defined the static disc angle, relative disc angle, 

range of motion (ROM) during flexion and extension, and 

relative motion increment (%) as A (Table 2), B (Table 3), C, 

and D (Table 4,5, 6). The lordortic or extended disc angle was 

defined as positive value and vice versa. 

 

A = absolute disc angle at a specific point after loading 

conditions (+ : extended,  - : flexed) 

B during flexion in PEEK+IS = (A during flexion in PEEK+IS – 

A during flexion in the intact model) 

C during flexion or extension = (A during flexion or extension 

– A in erect standing position) 

D during flexion in Ti+IS = [(C during flexion in Ti+IS) / (C 

during flexion in the Intact model)]*100 
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The intradiscal pressure (IDP, Table 7) was defined as the 

measurement in the center of nucleus because the nucleus 

model was developed by the bulk component which was 

composed of fluid elements. The calculated value of facet 

contact force (FCF, Table 8) was determined to be a total sum 

of facet contact forces in both sides. The calculated tension 

force of ligament (LigTF, Table 9, 10, and 11) was decided 

along the change from the initial length of ligament in the 

preloading condition. Von Mises stress and Tresca stress 

distributions in the mid-plane of the interverterbral disc at the 

adjacent levels and von Mises stress at the lumbar vertebrae 

were predicted for erect, 30o flexed, and 20o extended posture. 

The relationship was studied between location showing 

maximum distortion energy in the spinal column and motion at 

the first and second adjacent segments. All parameters such as 

IDP, FCF, and LigTF were defined as 0 (absolute value) in the 

condition without application of any load and muscle forces. The 

calculated responses among models were compared under each 

set of loading conditions. ABAQUS (ver. 6.10, Hibbit Karlsson 

& Sorresen Inc., Pawckur, RI, USA) was used to carry out a 
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non-linear structural analysis on the detailed lumbar spinal 

column model. 

 

RESULTS 

Influence of the amount of fusion mass on the adjacent motion 

segments 

According to analysis in the L3-4 instrumented model, the 

motion changes of the adjacent segments were maintained to 

almost the same degree for the Ti and PEEK models regardless 

of the amount of fusion mass (Fig. 11 and 12).  

 

 

Figure 11. The bar graph demonstrating the difference in static 
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disc angle between IS and IS_all model during 30o flexion in the 

L3-4 instrumented model. (Negative degree: flexed static disc 

angle) 

 

Figure 12. The bar graph demonstrating the difference in static 

disc angle between IS and IS_all model during 20o extension in 

the L3-4 instrumented model. (Positive degree: extended static 

disc angle) 

 

The largest relative intervertebral disc angle change (0.52o) 

between the IS and IS_all was generated during 30o flexion at 

the instrumented level with PEEK rods, and only difference of 

less than 0.17o was detected at the other adjacent levels (Fig. 

13).  
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Figure 13. The graph indicating the difference in relative motion 

increment between IS and IS_all model 

 

The motion difference based on the fusion mass at the adjacent 

levels was at most 3%, which implies that the stiffness 

difference between the rigid and semi-rigid rods on the 

changes in the adjacent motion segments was more crucial than 

the amount of fusion mass. Therefore, the effects of 

instrumentation devices were analyzed only for the IS case. 

 

Biomechanical changes in the L3-4 instrumented model 
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In the section of relative disc angle (Fig. 14), the change was 

more prominent in flexion than extension.  

 

 

Figure 14. Results of relative disc angle in the L3-4 

instrumented level 

More extended or flexed angle was detected compared to intact 

model on each loading condition at L2-3 segment in the Ti+IS. 

To the contrary, less flexed angle was shown during flexion at 

L4-5 segment. The PEEK+IS had the similar disc angles to 

values in the intact model during motion. With respect to 

relative motion increment (RMI, ROM from the erect standing 

position to flexed or extended position in the instrumented 

models), the Ti+IS revealed much higher RMI (734% and 761% 
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compared to ROM during 30o flexion and 20o extension in intact 

model) in the upper adjacent segment (L2-3) and the 

decreased motion due to the compensation in the lower 

segments (76% and 74% for L4-5, 95% and 90% for L5-S1) 

(Table 4). The motion increment during 30o flexion and 20o 

extension at the L2-3 in the Ti+IS was almost 3.4 and 5.6 

times than that in the PEEK+IS. The extended motion in L1-2 

disc during flexion was observed. Because this finding may be 

attributed to the boundary condition from the rigid thoracic 

model, force direction of extensor muscle, or improper setting 

of follower load (FL), that result was excluded from an analysis. 

The L4-5 segment of the Ti+IS (76% and 74% during 30o 

flexion and 20o extension) showed the lower RMI than that of 

the PEEK+IS (109% and 96%). The similar response (95% and 

90% vs 118% and 106%) was observed in the L5-S1 segment. 

The PEEK+IS demonstrated a smaller inter-segmental rotation 

increment from the intact model than did the Ti+IS in the upper 

segments. On the other hand, the lower (L4-5) and the lowest 

(L5-S1) segments in the PEEK+IS showed the increased 

motion value (109% and 119% during 30o flexion) compared to 

30o flexion ROM of the intact model. The larger motion in the 
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L5-S1 than L4-5 of PEEK+IS means that the lowest mobile 

segment may play a critical role in all compensatory angular 

changes occurring at the lower adjacent segments. These 

results may be related to the amount and direction of the 

transmitted load through the interbody spacer to vertebral body.  

Flexion/extension motion increased IDP at all levels except the 

instrumented level (Fig. 15).  

 

 

Figure 15. Results of nucleus pressure in the L3-4 instrumented 

level. 

 

The increase was more prominent in flexion motion. At the 

upper segment, the higher pressure increment (111 kPa for 
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L2-3) was calculated during 30o flexion in the Ti+IS (1055 

kPa) than the PEEK+IS (944 kPa). At the lower segment (L4-

5), the Ti+IS (860 kPa) showed the lower nucleus pressure 

rather than the PEEK+IS (946 kPa) and the intact model (964 

kPa) during 30o flexion. At the lowest segment (L5-S1), the 

Ti+IS (1080 kPa) also showed the lower nucleus pressure 

rather than the PEEK+IS (1113 kPa) and the intact model 

(1114 kPa) during 30o flexion. The Ti+IS model demonstrated 

the lower IDPs according to the decreased motion in the lower 

adjacent segments (L4-5 and L5-S1). Although the PEEK+IS 

revealed the larger ROM in the lower adjacent segments than 

intact model, the increased ROM did not increase the intradiscal 

pressure. That is because the flexed motion increase in the 

lower adjacent segments of PEEK+IS is likely to be related to 

the increase of shear force and the decrease of compressive 

force in the center of vertebral body. During 20o extension, the 

differences in disc pressure were not prominent among intact, 

PEEK+IS, and Ti+IS models. That is because the facet joints 

rather than discs support the load. 
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Figure 16. Results of facet contact force in the L3-4 

instrumented level. 

 

Instrumentation also increased the facet joint contact force at 

all levels except the instrumented level during 20o extension 

(Fig. 16), and a distinct increment was detected at the upper 

adjacent segment (L2-3) in the Ti+IS (660 N) than the 

PEEK+IS (510 N) and the intact model (374 N). Contrary to 

this finding, at the lower adjacent segment (L4-5), the intact 

model (494 N) and Ti+IS (599 N) generated a decreased facet 

contact force compared to the PEEK+IS (672 N). At the lowest 
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adjacent segment (L5-S1), the PEEK+IS (513 N) also showed 

the higher force than the intact model (420 N) and Ti+IS (489 

N). PEEK rod is likely to be helpful for the prevention from 

facet joint degeneration in the not lower but upper adjacent 

segment. The effect of instrumentation on the ligament force 

variation was dominant in the capsular ligament (CL) and then 

anterior longitudinal ligament (ALL). In the erect standing 

position, CL had larger tension forces at L2-3 segments of 

PEEK and PEEK+IS models than those of Ti+IS and intact 

models. The Ti+IS showed the similar tension force to that of 

intact model.  
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Figure 17. Results of ligament tension force during 30o flexion in 

the L3-4 instrumented level. 

 

During 30o flexion (Fig. 17), the role of CL is more crucial than 

posterior longitudinal ligament (PLL) or supraspinous ligament 

(SSPL) in the lower adjacent segment. The Ti+IS revealed that 

CL during 30o flexion had much lower tension force at the upper 

segment (17 N for L2-3) and the lower segments (25 N for 

L4-5 and 283 N for L5-S1) compared to the intact model (164 

N for L2-3, 135 N for L4-5, and 315 N for L5-S1). Against 

our expectations, tension force of CL at the L2-3 segment of 

Ti+IS was so small. That is likely to be because compressive 

force during flexion diminishes the distance of disc space and 

induces the redundant CL. On the other hand, translation in the 

posterior direction of L2 inferior articular process generated 

the large tension forces of CL at the L2-3 segments of PEEK, 

PEEK+IS, and intact models, which result may be attributed to 

the boundary condition of L1. Therefore, the response of CL at 

L2-3 segment should be interpreted cautiously. At the lower 

segments, lower tension forces occurred in the Ti+IS than the 

intact model. The PEEK+IS demonstrated that CL had a slightly 
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lower tension force at the upper segment (142 N for L2-3) but 

a slightly increased force at the lower segments (150 N for 

L4-5 and 343 N for L5-S1) during 30o flexion than the intact 

model did. Generally, PEEK rods during flexion maintained 

trends of being positive on L2-3 versus negative on L4-5 and 

L5-S1 although the PEEK+IS revealed the similar tension 

forces compared to the intact model. In addition, PLL held the 

second position an SSPL took the third place during flexion. 

SSPL also had the similar trend to CL during 30o flexion. PLL 

took the second place at the lowermost L5-S1 segment.  

 

Figure 18. Results of ligament tension force during 20o extension 
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in the L3-4 instrumented level. 

 

During 20o extension (Fig. 18), CL demonstrated the higher 

tension force in the Ti+IS (474 N for L2-3) than PEEK+IS 

(382 N) or intact model (313 N) in the upper adjacent segment 

(L2-3). At the lower adjacent segments, ALL occupied an 

important position and had the higher tension in the PEEK+IS 

model. In CL, the instrumentation of PEEK rod (272 N for L4-5, 

147 N for L5-S1) also generated the higher tension than intact 

model (238 N for L4-5, 96 N for L5-S1) and Ti+IS (255 N 

for L4-5, 105 N for L5-S1). ALL was next to CL during 

extension. The effect of PEEK rod on CL was found definitely 

positive at the upper adjacent segment especially during 

extension but negative at the lower segments compared to 

Ti+IS. 
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Figure 19. Von Mises stress distribution at the vertebral column 

in the L3-4 models 

 

The von Mises stress distribution in the sagittal plane of the 

spinal column was predicted for various configurations, in 30o 

flexion and 20o extension (Fig. 19). The Ti+IS induced a 

markedly higher stress in the L3 antero-inferior body during 

flexion. However, the PEEK+IS generated the higher stress in 

the L4 antero-superior body. During extension, higher stress 

developed in the posterior one third of L4 body in the PEEK+IS. 
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The PEEK+IS had the less stress on the surface of L2 and L3 

spinous process compared to the Ti+IS.  

 

Figure 20. Tresca stress distribution at the annulus in the L3-4 

models 

 

Higher Tresca stresses in the anterior annulus during flexion 

were detected at the lower adjacent segments of PEEK+IS and 

at the upper adjacent segments of Ti+IS (Fig. 20). Higher 

stress in the L1-2 posterior annulus of PEEK+IS than Ti+IS 

during flexion was likely to occur relating to the limitation of 
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load application mode and force direction of extensor muscle. 

Therefore, this finding was not significant clinically. 

 

Biomechanical changes in the L4-5 instrumented model 

The same pattern of change of relative disc angle was observed 

as in the L3-4 instrumented model (Fig. 21).  

 

 

Figure 21. Results of relative disc angle in the L4-5 

instrumented level 

 

The Ti+IS demonstrated also higher RMI in order of L2-3 

(569% and 720%) and L3-4 (143% and 263%) during 30o 



40 

 

flexion and 20o extension (Table 5). The PEEK+IS showed a 

smaller rotational increment in the upper segments in order of 

L2-3 (296% and 446%) and L3-4 (125% and 175%). 

Interestingly, L2-3 is more susceptible to the stiffness of rod 

than L3-4. The RMI (106% during 30o flexion and 91% during 

20o extension) at the lower segment (L5-S1) of the Ti+IS 

lowered than in the PEEK+IS (136% and 111%) in the result of 

compensation to the exaggerated motion occurred in the upper 

segments.  

 

 

Figure 22. Results of nucleus pressure in the L4-5 instrumented 

level. 
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At the upper segments, the higher nucleus pressure increment 

(81 kPa for L2-3, and 100 kPa for L3-4) was calculated 

during 30o flexion in the Ti+IS (1032 kPa for L3-4) than the 

PEEK+IS (932 kPa for L3-4) (Fig. 22). At the lower segment 

(L5-S1), the PEEK+IS showed the higher value even though 

there was no meaningful pressure difference between the 

Ti+IS (1117 kPa) and the PEEK+IS (1148 kPa) during 30o 

flexion. During 20o extension, there were no prominent 

pressure differences between two models.  

 

 

Figure 23. Results of facet contact force in the L4-5 

instrumented level. 
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A small increment in facet contact force was detected at the 

upper segments in the Ti+IS (677 N) than the PEEK+IS (634 

N) and the intact model (487 N) during 20o extension though 

there was no prominent difference between Ti+IS and 

PEEK+IS (Fig. 23). At the lower adjacent segment (L5-S1), 

the Ti+IS (503 N) and intact model (420 N) generated a 

decreased force compared to the PEEK+IS (552 N). Compared 

to the L3-4 model, the L4-5 model may have the smaller 

protective effect on facet joint degeneration in the upper 

adjacent segment.  
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Figure 24. Results of ligament tension force during 30o flexion in 

the L4-5 instrumented level. 

 

In the erect standing position, the Ti+IS provoked the lower 

tension in the CL than PEEK+IS or intact model. However, the 

differences among three techniques were less than 50 N. 

During 30o flexion (Fig. 24), the Ti+IS showed that CL had 

higher tension force at the upper adjacent segments (103 N for 

L3-4) but lower tension force at the lower adjacent segment 

(303 N for L5-S1) compared to the intact model (10 N for 

L3-4 and 315 N for L5-S1). The PEEK+IS revealed that CL 

had lower tension forces at the upper adjacent segment (32 N 

for L3-4) but higher force at the lower segment (396 N for 

L5-S1).  
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Figure 25. Results of ligament tension force during 20o extension 

in the L4-5 instrumented level  

 

During 20o extension (Fig. 25), CL demonstrated the higher 

tension force at the upper segments in the Ti+IS (387 N for 

L3-4, 457 N for L2-3) than PEEK+IS (364 N for L3-4, 421 

N for L2-3) and the lower force at the lower adjacent L5-S1 

segment in the Ti+IS (129 N) than PEEK+IS (163 N). The 

tension force increased more at the L1-2, L2-3 than L3-4. 

Like the preceding L3-4 model, the same trend was observed. 

A PEEK rod is likely to have the protective effect on facet joint 

instability at the upper segments but may be harmful at the 

lower segment. The protective effect on ALL was prominent 

during 20o extension only in the upper adjacent segment. The 

trend in PLL was the same as in CL. 

In the analysis of von Mises stress distribution, the Ti+IS 

induced a higher stress symmetrically in the L4 and L5 anterior 

body.  
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Figure 26. Von Mises stress distribution at the vertebral column 

in the L4-5 models 

 

However, the PEEK+IS generated the higher stress in the L5 

antero-superior body during flexion (Fig. 26). During 

extension, higher stress developed in the posterior one third of 

L5 body in the PEEK+IS. The PEEK+IS lowered the stress in 

the surface of L2, L3, and L4 spinous process compared to the 

Ti+IS. The increased annular stresses were seen at the lower 

adjacent segment in the PEEK+IS and at the upper adjacent 

segment in the Ti+IS (Fig. 27). Higher stress in the L1-2 

posterior annulus of PEEK+IS than Ti+IS during flexion was 
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likely to occur relating to the limitation of load application mode 

and force direction of extensor muscle. Therefore, this finding 

was not significant clinically. 

 

 

Figure 27. Tresca stress distribution at the annulus in the L4-5 

models 

 

Biomechanical changes in the L5-S1 instrumented model 
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Figure 28. Results of relative disc angle in the L5-S1 

instrumented level 

 

Larger relative disc angles were induced by all kinds of 

instrumentation (Fig. 28). The instrumentation itself provoked 

the higher relative motion increment to the same degree than 

the intact model during 30o flexion and during 20o extension 

(145% and 210%) for the upper adjacent segment (L4-5) 

(Table 6). The similar results were observed at the L3-4 (139% 

and 301% for Ti+IS vs 141% and 295% for PEEK+IS) and L2-

3 (506% and 728% for Ti+IS vs 547% and 697% for PEEK+IS) 
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segment. The PEEK+IS did not show the beneficial effect to 

the possibility of disc degeneration compared to the Ti+IS for 

all upper segments (L4-5, L3-4, and L2-3).  

 

Figure 29. Results of nucleus pressure in the L5-S1 

instrumented level. 

 

At the upper adjacent segment (L4-5), a pressure increment 

was calculated during 30o flexion in the Ti+IS (1237 kPa) and 

the PEEK+IS (1235 kPa) than the intact model (964 kPa) (Fig. 

29). The similar findings were observed in the L3-4, and L2-3 
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segments. During 20o extension, there were no prominent 

pressure differences between two models.  

 

 

Figure 30. Results of facet contact force in the L5-S1 

instrumented level. 

The difference of rod did not influence on the facet contact 

force on the same segment (Fig. 30). A distinct increment in 

facet contact force during 20o extension was detected at the 

L2-3 (537 N), L3-4 (609 N) and L4-5 (574 N) segments in 

both Ti+IS and PEEK+IS compared to the intact model (374 N 

for L2-3, 487 N for L3-4, 494 N for L4-5, respectively). The 

differences from forces in the intact model were more 

prominent at the higher segment. The negative effect on facet 
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joint degeneration was definite in the upper segments contrary 

to L3-4, L4-5 instrumented models. 

 

 

Figure 31. Results of ligament tension force during 30o flexion in 

the L5-S1 instrumented level. 

 

In the erect standing position, the tension force of CL 

decreased more in PEEK+IS and Ti+IS in the upper segments 

all. However, instrumentation of PEEK rod was not helpful for 

lowering tension force in the dynamic motion except erect 

position. Regardless of the types of instrumentation (PEEK+IS, 

Ti+IS), tension force of CL was 2.6 times higher (357 N) than 

that of the intact model (135 N) at the upper adjacent segments 
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(L4-5) and the increment was also found at the L3-4 segment 

(183 N) (Fig. 31). PLL and SSPL of instrumented models also 

demonstrated the higher forces during 30o flexion at the L3-4 

and L4-5 segments than the intact model.  

 

Figure 32. Results of ligament tension force during 20o extension 

in the L5-S1 instrumented level. 

 

During 20o extension, the higher tension in ALL was observed 

in order of L4-5, L3-4, and L2-3. Interestingly, the above 

phenomenon was not detected at the adjacent segment (L4-5) 
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but higher tension forces were found from L3-4 to L2-3 

segment (Fig. 32).  

Regarding von Mises stress distribution, the stiffness of the 

stabilization device could not strongly influence its stress 

contour. Both models showed the higher stresses in the L5 

antero-inferior body during flexion in the same way (Fig. 33). 

There was no difference in the distribution of annular stress 

(Fig. 34). 

  

 

Figure 33. Von Mises stress distribution at the vertebral column 

in the L5-S1 models 
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Figure 34. Tresca stress distribution at the annulus in the L5-

S1 models 

 

DISCUSSION 

ASD after interbody fusion is one of the most important 

sequelae affecting long-term results. To understand the motion 

increase of the disc adjacent to the interbody fusion in semi-

rigid fixation systems compared to rigid systems, this study 

established a whole lumbar spinal column FE model to perform 

analysis. Up to now, various biomechanical researches have 
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been performed to know predictors like angular motion change, 

translational movement, intradiscal pressure, tension force in 

the ligament, contact force in the facet joint. Studies of Shono 

et al. [39] and Sudo et al. [41] demonstrated that instrumented 

constructs produced greater segmental displacement and 

intradiscal pressure in the upper adjacent segment when 

compared with those of the intact spine on the condition of 

multilevel fusion and posterior lumbar interbody fusion instead 

of posterolateral fusion. In contrast, the instrumented 

constructs decreased their segmental displacement in the lower 

adjacent segment with higher magnitude of the translational 

motion occurring in flexion/extension and lateral bending. FE 

models of Chosa et al. [8] and Goto et al. [19] also showed 

stresses on the vertebral endplate and the annulus fibrosus 

were high in the upper adjacent segment. Although our study 

obtained a similar trend of biomechanical behavior to that of 

previous studies, some interesting results that could not be 

obtained in the previous reports were obtained by incorporating 

the proper application of a follower compressive load.   

 

Stability 
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The effect of Ti and PEEK rods in reducing the intersegmental 

motion was found to be more critical at the instrumented level. 

According to the RMI compared to total ROM (100%) in the 

intact model, the motion decrease similarly at the instrumented 

level between PEEK+IS and Ti+IS (PEEK+IS 88%, Ti+IS 95% 

for L3-4 model; PEEK+IS 91%, Ti+IS 93% for L4-5 model; 

PEEK+IS 94%, Ti+IS 95% for L5-S1 model) although a semi-

rigid rod may be considered as flexible to allow larger motion. 

There were no prominent differences in regard to the amount of 

motion decrease in the instrumented level during flexion 

between PEEK+IS and Ti+IS. With respect to flexion ROM, the 

decrease of motion is similar irrespective of instrumented 

levels (75% (L3-4), 75% (L4-5), 78% (L5-S1) in PEEK; 

90%, 92%, 93% in PEEK+IS; 91%, 94%, 94% in Ti+IS). With 

respect to extension ROM, the decrease of motion is smaller in 

the L3-4 than L4-5, L5-S1 instrumented level (23%, 56%, 78% 

in PEEK; 77%, 88%, 95% in PEEK+IS; 75%, 90%, 95% in 

Ti+IS). Suppose the less motion in the instrumented level is 

helpful for the interbody bony fusion, these results suggest the 

higher stability especially during flexion and the advantage of a 
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PEEK rod for bone formation around the interbody spacer. The 

study of Gornet et al. [18] with 24 consecutive fusion patients 

documented a significant difference in intervertebral bone 

volume at 12 months (69.1% in the PEEK group and 58.6% in 

the Ti group). The human cadaveric study of Turner et al. [42] 

with twelve T12-L3 and L4-S1 segments also supported this 

idea and indicated that PEEK rods resulted in lower bone-

screw interface forces and higher interbody spacer 

compression as compared to the Ti rod. In our comparative 

analysis of the peak and average compression pressure which 

occurred at the interbody spacer of PEEK+IS and Ti+IS 

models (Fig. 35), there was no difference in average 

compression pressure regardless of the instrumented levels 

between two groups. However, two models in peak pressure 

during flexion showed the different results dependent on the 

instrumented level.  
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Figure 35. Results of peak and average compression pressure in 

the interbody spacer. 

Peak pressure during flexion was higher in the Ti+IS (15.6 

MPa > 13.8 MPa of PEEK+IS) for L3-4 model, PEEK+IS (16.7 

MPa > 14.2 MPa of Ti+IS) for L4-5, and then the same (21.3 

MPa) for L5-S1 model. Furthermore, in the erect standing 

position, peak pressure in the PEEK+IS was higher for L3-4 

and L4-5 models. Authors do not know which parameter (peak 

pressure vs average pressure) is more important for enhancing 

a fusion. Suppose the peak pressure plays a key role in the 

fusion process, these findings correspond with the result of 
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Gornet et al.’s clinical study [18] and Turner et al.’s cadaveric 

study [42] and reveal an interbody fusion can be enhanced only 

in the L4-5 instrumentation with PEEK rod compared to the 

instrumentation with Ti rod. However, it would be better to 

avoid generalization because the clinical results with long-term 

follow-up have been rare. It is necessary to get more evidence 

relating to a successful fusion in near future. 

 

Effect of the amount of fusion mass on motion changes at the 

adjacent segments 

 

Instrumentation with the PEEK rod only (PEEK) reduced 74.5-

77.7% of the motion with respect to the RMI at the 

instrumented level and then additional application of the 

interbody spacer reduced its motion value to 90.3-93.4%. The 

simulation results of Galbusera et al. [15] for a biomechanical 

comparison between rigid and flexible spinal stabilization 

devices showed a 72% motion decrement in a PEEK rod and 80% 

in a Ti rod with an intact disc. The effect of fusion mass (or 

interbody spacer) on the instrumented level as reported in the 

preliminary analysis showed a maximum of 32.25%; however, 
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its angle change was only 0.52o. Those findings implied that the 

instrumentation device provided more stability to the functional 

spinal unit than the interbody spacer in the instrumented level. 

In addition, the motion difference based on the amount of fusion 

mass (or interbody spacer) at the adjacent segments was at 

most 3%. This finding suggests that the stiffness difference 

between the Ti and PEEK rods on the changes in the adjacent 

motion segments was more crucial than the amount of fusion 

mass. Subsequently, determining whether a semi-rigid rod 

actually has a beneficial effect on the adjacent segment 

compared with a rigid rod is important. The data obtained from 

a detailed biomechanical study will be helpful for the selection 

of the optimal instrument and prediction of long-term 

postoperative complications. 

 

Intersegmental rotation changes at the adjacent segments 

 

The motion change in the instrumented level induced the 

motional change in the adjacent segments. A noticeable change 

between Ti and PEEK rod was produced at the upper adjacent 

segment. Compared to the intact model, PEEK+IS and Ti+IS 
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increased angular motion at the upper adjacent segments by 

215% and 734% at L2-3 for L3-4 instrumented model, 125% 

and 143% at L3-4 for L4-5, and 145% and 145% at L4-5 for 

L5-S1 respectively. However, the RMI at L2-3 for L3-4 

model seems to be exaggerated because ROM at the 

corresponding segment in the intact model was less than 0.9o. 

Interestingly, instrumentation of PEEK rod in the L5-S1 

segment does not have an influence on the motion change at the 

upper adjacent segment. 

Furthermore, the similar results also were found in the more 

proximal segments (297% (PEEK+IS), 569% (Ti+IS) at L2-3 

for L4-5 model and 141% (PEEK+IS), 139% (Ti+IS) at L3-4 

for L5-S1 model). This finding supports the possibility of disc 

degeneration in the second level above the fused segment, 

especially in the case of L4-5 instrumentation with Ti rod. In 

the clinical situations, many cases with ASD at the second 

adjacent segment have been found. The lumbar lordotic angle or 

sagittal balance may play a role on this phenomenon. That may 

be because the more compensatory motion at the upper 

segments is needed to recover the alignment of lumbar spine, 

which was lost at the lower segment. This amplified motion can 
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extend to the second adjacent segment enough. Although the 

result at L1-2 for L3-4 model was excluded due to the effect 

of boundary condition, it is important to know whether this 

phenomenon occur in the L1-2 segment after not only L3-4 

mono-segmental fusion but also long segmental fusion from L5 

or S1 to L3. 

On the other hand, the PEEK+IS in the L3-4 and L4-5 

segments has a tendency to increase the ROM in the lower 

adjacent segment although the difference is minimal compared 

to the intact model. Contrary to the PEEK+IS, Ti+IS showed a 

beneficial effect on the motion decrease at the lower adjacent 

segment, which was dependent on the instrumented level (109% 

and 76% at L4-5 for the L3-4 PEEK+IS and Ti+IS model, 136% 

and 106% at L5-S1 for L4-5).  

To summarize, these findings indicate that the PEEK+IS may 

be advantageous to the upper adjacent segments compared with 

the Ti+IS and this result is level-dependent. Considering the 

incidence of degenerated disc level in the general population, 

the protective effect of PEEK rod on the upper adjacent 

segment is less than expected in the L4-5 and L5-S1 

instrumented model. However, the effect of the PEEK+IS on 
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the lower adjacent segment is negative and is also level-

dependent. In L4-5 instrumented model, the effect is more 

definite. That would be due to the motion changes at the lower 

segments caused by transmitted loads and the subsequent 

compensatory effect of motion at the upper segments. 

Compared with Ti+IS, the increase in the rotational motion at 

the lower level of PEEK+IS should be compensated for to 

reduce the same amount of flexion motion at the upper level.  

 

Intradiscal pressure change at the adjacent segments 

 

Similar changes were also detected in intradiscal pressure. 

Instrumentation of PEEK rod showed the same protective effect 

at the upper adjacent segments in the L3-4, and L4-5 

instrumented model but a negative effect on pressure at the 

lower adjacent segment in the L4-5 model only. In the L5-S1 

model, PEEK rod did not have a capacity of lowering the 

intradiscal pressure in the upper adjacent segment compared to 

Ti rod. Most of the previous biomechanical studies using in 

vitro and FE analysis could not interpret this level difference. In 

the recent cadaveric study of Turner et al. [42], the intradiscal 
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pressures in the erect position and during flexion at the lower 

adjacent segment were in disagreement with results in the 

present study. They reported a higher intradiscal pressure 

during flexion and a lower pressure during compression in the 

Ti+IS than in the PEEK+IS. The discrepancy is likely to be 

attributed to several factors such as short segment specimens, 

different loading methods, the effect of lordosis, and deep 

muscle activation simulated as a follower load in our study, 

which was not considered in their in vitro study.  

Although adjacent segment degeneration and resulting kyphosis 

occur more often at the cranial end of instrumented fusions, 

segmental degeneration and deformity may also occur at the 

caudal end. Kwon et al. [24] showed the most common mode of 

caudal junctional decompensation was related to fixation failure 

at the caudal end of lumbar-instrumented fusion and Edwards 

et al. [13] suggested preoperative positive sagittal balance, 

younger age, and preoperative degeneration, loss of L5 fixation 

in patients with thoracolumbar arthrodesis to L5 as risk factors 

of distal ASD in L5-S1 disc. Interestingly, instrumentation of 

Ti rod revealed the protective effect on the intradiscal pressure 

at the lower adjacent segment in the L3-4, and L4-5 model in 
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this FE analysis. Some of the clinical follow-up studies relating 

to the instrumentation of Ti rod support results in this study. In 

the case control study composed of 28 patients (among 1069 

subjects) who underwent secondary operations because of ASD, 

Lee et al. [26] reported that the incidence of distal ASD was 

much lower than that of proximal ASD in floating fusion and 

only one developed distal ASD of the 21 patients with floating 

fusion. Sears et al. [37] reported in the 323 patients with L4-5 

mono-segmental fusion that the incidence of rostral and caudal 

ASD was 6.8% and 4%. They also found the caudal ASD 

increased surprisingly in the multi-level floating fusion. 

However, there has been no comparative report relating to the 

occurrence of distal ASD after the mono-segmental fusion 

according to the fused level. Regarding to the occurrence of 

distal ASD after mono-segmental fusion, instrumentation with 

Ti rod is likely to be beneficial to prevention from distal ASD in 

our FE analysis. 

 

Facet contact force changes at the adjacent segments 
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With regard to facet contact force during extension, PEEK rod 

is likely to be more protective from facet joint degeneration in 

the upper adjacent segment than Ti rods. However, the lower 

facet joint produced an increased contact force compared to the 

Ti+IS, which implies that PEEK rod may cause more facet joint 

degeneration than Ti rod. This conclusion is level-dependent 

(more prominent in L3-4 model than L4-5 model) and can be 

applied only to L3-4 and L4-5 instrumented models. In L5-S1 

model, the stiffness of rod does not influence on facet joint 

force and two kinds of rod may induce facet joint degeneration 

to the same degree. Because Lee et al. [26] also showed that 

pre-existing facet joint degeneration may be associated with a 

high risk of adjacent segment problem, a PEEK rod may provide 

a protection from ASD in the upper adjacent segment compared 

to Ti rod.  Nonetheless, the possibility of facet degeneration or 

ASD will be also likely to increase at the lower adjacent 

segment in the case of PEEK rod instrumentation. The 

counteraction may occur in a Ti rod. 

 

Consideration of the importance of capsular ligament (CL) 
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According to life styles in the Asian countries, flexion is the 

most predominant among waist motions in the activity of daily 

living. In the analysis of various parameters like ROM, 

intradiscal pressure and facet contact force, flexion motion 

produced the large response compared to extension motion. 

Therefore, it was thought that the increased tension force of CL, 

PLL, and SSPL during flexion after lumbar interbody fusion and 

fixation with rigid rods may cause the laxity of facet capsular 

ligament, subsequent hypermobility, facet joint degeneration, 

and finally the development of ASD. It is also wondered which 

ligament will be exposed to higher tension force. CL may play a 

key role in the lumbar flexion or extension motion because the 

amount of tension force was generally higher than those of all 

other ligaments in the analysis. Although the similar trends 

were observed in ALL during extension and SSPL during 

flexion, the effect of rod stiffness was likely to be negligible. 

Conclusively, the laxity of CL will lead to the facet joint 

instability and degeneration, which result in ASD according to 

Lee et al.’s report [26]. This result is in accordance with 

previous anatomical studies. Boden et al. [5] reported that 

excision of the joint capsule between the fourth and fifth lumbar 
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vertebrae resulted in increased motion along the sagittal plane. 

Likewise, Zdeblick et al. [46] described segmental 

hypermobility in the cervical vertebrae after resection of the 

joint capsule. Adams et al. [1] and Cyron and Hutton [10] 

concluded that the joint capsule provides major resistance to 

flexion of the lumbar zygapophyseal joint. All of these reports 

suggest that the joint capsule plays an important role in 

checking movement of the zygapophyseal joint. However, 

against our expectations, the tension force in CL was more 

prominent during extension than flexion motion in our analysis. 

Extension may be the more critical factor of developing ASD. 

This finding is likely to be associated with the anatomical 

structure. Yamashita et al. [47] revealed that the outer layer of 

the fibrous capsule is a dense regular connective tissue that is 

composed of parallel bundles of collagenous fibers. The inner 

layer of the fibrous capsule consists of bundles of elastic fibers, 

similar to the ligamentum flavum. In the superior and middle 

part of the joint, the fibers run in the medial to lateral direction, 

crossing over the joint gap. These fibers would contribute to 

stabilize the joint in the transverse plane, while allowing 

mobility in the longitudinal plane. El-Bohy et al. [14] found that 
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the facet joint capsule stretched abnormally during spinal 

extension, and the tensile stretch was consistently high at the 

posterior-superior corner of the capsule. Yamashita et al. [47] 

suggested that it was because the capsule fibers in the superior 

to middle parts of the joint were shorter and formed a thinner 

and tighter layer than that in the inferior part of the joint. In the 

inferior part of the joint, the fibers are relatively long and run in 

a superior-medial to inferior-lateral direction, covering the 

inferior articular recess. They are thicker than the layer in the 

superior and middle parts of the joint. Probably, they seem to 

be associated with flexion motion. Nonetheless, the relative 

lower tension force during flexion seems to originate from axial 

compression, which was induced by extensor muscle and 

follower load. This compression may make the redundant 

inferior CL have the less tension during flexion. Conclusively, 

the change in tension force of CL during flexion may be less 

meaningful than that during extension. Judged from this finding, 

the changes of tension force in CL during extension were 

dependent on the stiffness of rod and the instrumented level. 

Only in the L3-4 and L4-5 models, a PEEK rod seems to 

prevent the laxity of CL, facet joint instability, and consequent 
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ASD in the upper adjacent segment during extension. At the 

lower adjacent segments, a PEEK rod showed a rather harmful 

effect in the L3-4 and L4-5 models.  

 

Mechanism of motion change at the adjacent segments according 

to the rod stiffness 

 

(A) 

 

 

 

(B) 
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Figure 36. Diagram showing intersegmental angles (A) and load 

transmission (B) during flexion in L3-4 models 

 

The distribution of von Mises stress in the vertebral body is 

peculiar in the L3-4 and L4-5 models. Because interbody 

spacers seem to be functioned as hinges during flexion, the 

stress is likely to concentrate on the vertebral body around 

spacers. The PEEK+IS of L3-4 model generated higher stress 

in the lower body and the Ti+IS produced higher stress in the 

upper body during flexion (Fig. 36A). During extension, higher 
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stress developed in the posterior one third of lower body (Fig. 

37).  

 

Figure 37. Diagram showing the load transmission during 

extension in L3-4 models 

 

The difference may be attributed to the degree of load sharing 

in the vertebral body. According to the literatures, Ahn et al. [2] 

reported the load transmission through anterior column was 

measured as 73% under 40O N compressive load in the L3-4 

FE model with 6.0mm PEEK rod instrumented (compared to Ti 
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rod (33%)). Gornet et al. [17] demonstrated the load 

transmission occupied 47% (6.35mm cylindrical PEEK rod) and 

38% (Ti rod) under 450 N follower load plus bending moment 

6N/m for extension in the L4-5 instrumented model. The large 

ROMs were also calculated in the lower adjacent and lowest 

adjacent segments in PEEK+IS compared to Ti+IS (Fig. 36A). 

The motion changes at the lower adjacent segments may be 

related to different load sharing patterns between Ti and PEEK 

rod. According to the motion change, PEEK+IS is likely to have 

similar IDP to that of intact model at the lower segment because 

of the transmitted load through the spacers (Fig. 36B). To the 

contrary, Ti+IS had the lower IDP at the lower adjacent 

segment than intact and PEEK+IS model. Annular shear stress 

reflected the results of ISR at the lower adjacent segments (Fig. 

36B). FCF also showed the same trend along the changes of 

ISR (Fig. 36B). Therefore, the author hypothesizes that ISR 

changes at the lower (L4-5) and lowest (L5-S1) segments 

are determined under the influence of the transmitted load 

through spacers. And then the motion at the upper adjacent 

segments is likely to be controlled for the compensation in 

whole lumbar motion. Moreover, the results of annular stress 
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support this idea in that shear stresses at the lower adjacent 

segments are much higher than those at the upper adjacent 

segments. Because only one motion segment remained at the 

lower segment during flexion in the L4-5 model, the stress 

may be concentrated on the lower segment. Motion change (Fig. 

38A) is similar to changes in the L3-4 model. However, IDP, 

annular stress in PEEK+IS is higher than in intact model 

despite of relatively less transmitted load through anterior 

column compared to intact model. The exaggerated response of 

PEEK+IS is more evident in the L4-5 model (Fig. 38B).  

(A) 
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(B) 

 

Figure 38. Diagram showing the motion change (A) and load 

transmission (B) during flexion in L4-5 models 

 

During extension (Fig. 39), the transmitted load through 

posterior one third vertebral body in PEEK+IS provoked the 

lordotic angulation of L5 body. However, IDP and annular stress 

did not show the differences between PEEK+IS and Ti+IS. 

Facet joint may play a critical role in load transmission. Those 

findings are different from findings in the L3-4 model. That 

means there is a difference between model with residual two 
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motion lower segments and model with residual one motion 

lower segment. 

 

 

 

Figure 39. Diagram showing the load transmission during 

extension in L4-5 models 

 

In the L5-S1 model, there is no residual lower segment to 

absorp the transmitted load. Although a small quantity of ROM 

change occurred at the instrumented level, that change is not 

likely to have an influence on ISR changes at the upper adjacent 

segments (Fig. 40 and 41).  
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Figure 40. Diagram showing the load transmission during flexion 

in L5-S1 models 

Figure 41. Diagram showing the load transmission during 

extension in L5-S1 models 
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Strengths and limitations  

 

One of the strengths of our study was that pelvic tilting was 

considered during flexion/extension motion to simulate the 

lumbo-pelvic coordination in the normal spinal motion and 

reduce a range of possibilities for exaggerated inter-segmental 

rotation and intradiscal pressure in the lower lumbar spine 

although the sacral bone was fixed. In the present analysis, 

predicted disc pressure variations are so subtle that they would 

probably be lost in the natural variability from subject to 

subject. However, predicted result shows the relative 

difference between the rigid and flexible rod within the same 

spine model. Because various activities of our life provoke the 

cyclic loading to soft tissues relating to spinal column 

persistently, the small difference will end in more degenerative 

changes. Another one was the addition of rigid thoracic model 

to the L1-sacrum model to avoid the effect of boundary 

condition.  

The limitations of our study were as follows: the uncertainty of 

the exact muscular power (follower load and erector spinae 

during the dynamic motion change, postoperative muscle 
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atrophy), data from only one specimen (fixed lumbar lordosis 

and sagittal balance), incomplete simulation model (absence of 

data regarding to lateral bending or axial rotation, additional 

laminectomy, facet joint violation during instrumentation, the 

lordotic angle of interbody spacer, partial fusion state), 

boundary conditions (fixed sacrum, absence of T12-L1 disc 

segment).  

In in vitro investigations, osteoligamentous spinal specimens 

buckle as soon as they are under a small vertical compressive 

force. To allow high axial forces, Patwardhan et al. [32] 

suggested a compressive follower load, which is nowadays 

applied in many in vitro experiments and finite element 

analyses to mimic the in vivo situation. The optimal follower 

load strongly increases the load-carrying capacity of the 

lumbar spine, without inducing any intervertebral rotation. The 

follower load is applied by bilateral cables, which are fixed to 

the most cranial vertebrae, but pass freely through cable guides 

attached to the other vertebral bodies and the sacrum. Thus, 

the follower load approximates the curvature of the lumbar 

spine. To create a compressive force in the specimens, these 

cables are loaded, e.g. with dead weights at the caudal end. 
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Under this condition, the lumbar spine is able to carry much 

higher loads without buckling. Authors designed a new method 

to obtain the force of follower load except the trunk weight. 

Arbitrary values within the range of values reported in other 

cadaveric study or computational model were tried to find out 

an approximate value which generated the similar nucleus 

pressure (500 kPa) to the intradiscal pressure occurred in the 

L4-5 disc in-vivo Wilke et al.’s experiment [45].  

The follower load is a valuable but imperfect tool. For example, 

the follower load path also depends on force magnitude. To 

minimize intervertebral rotations and shear forces, the follower 

load should pass through the instantaneous centers of rotation 

at different levels. However, these centers may vary for 

different body activities. No shear forces are acting when an 

ideal follower load is applied. In vivo, however, the spinal 

segments are capable of transmitting a certain amount of shear 

force. Therefore, the selection of follower load path is a 

controversial topic because a non-optimized follower load path 

may cause considerable intervertebral rotations. Dreischarf et 

al. [11] suggests that an optimized follower load typically acts 

posterior to the vertebral bodies center, which is in accordance 
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with the findings of Pearcy and Bogduk [33] but the total range 

of motion for flexion plus extension is much less sensitive to 

the variability of the follower load path. Our model had a 

weakness in that the path of follower load was set in the 

centers of the vertebral body. In addition, application of 100 N 

compressive follower load distributed to each segment evenly 

and consistently during motion in our study could not reflect the 

realistic and dynamic force change completely because the 

effect of deep local muscles including multifidus and iliopsoas 

muscle on the stability of the spinal column has not been known 

to us exactly.  

Postoperative muscle atrophy was not simulated. Because 

conventional open techniques for instrumented posterior lumbar 

interbody fusion cause iatrogenic muscle and soft tissue injury, 

the paraspinal muscles are physiologically abnormal following 

operation due scar healing and denervation. [22,27,34,40] This 

phenomenon may lead to decreased trunk muscle strength, late 

onset of spinal instability. The larger motion increment may be 

anticipated at the upper adjacent segment in patient with this 

approach postoperatively. That means that the protective effect 

of PEEK rod will be large in the real situation. Our modeling 
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was more of close to the situation of minimally invasive 

techniques for posterior lumbar interbody fusion.  

Results from this modeling should be limited to the phenomenon 

occurred in one specific specimen with fixed lumbar lordotic 

angle, sagittal balance, and segmental disc angle. Those 

parameters may influence on the segmental motion change after 

instrumentation in the lumbar spine according to the previous 

biomechanical studies. Akamaru et al. [3] performed a 

biomechanical study of adjacent segment motion (at L3-4 and 

L5-S1) after a simulated lumbar interbody fusion of L4-5 in 

different sagittal alignments. Hypolordotic alignment at L4-5 

caused the greatest amount of flexion/extension motion at L3-

4, and the differences were statistically significant in 

comparison with intact specimen, in situ fixation, and 

hyperlordotic fixation. Hyperlordotic alignment at L4-5 caused 

the greatest amount of flexion/extension motion at L5-S1, and 

the difference was statistically significant in comparison with 

intact specimen but not in situ fixation or hyperlordotic fixation. 

Chen et al. [7] performed a biomechanical study in which 

porcine lumbar spines were instrumented with pedicle screw 

implants from L2 to L4, and each specimen was tested in 
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lordotic, straight, or kyphotic alignment. They conclude that an 

iatrogenically-produced kyphotic lumbar spine may cause 

greater motion at the adjacent cranial segment as compared 

with a lordotic lumbar spine. Therefore, additional analyses are 

required to find the meaning of parameters considering these 

variations. 

This finite element model still had the limitation to the analysis 

at the L1-2 segment. Exaggerated extended angular motion 

occurred during flexion. This phenomenon is likely to be 

concerned with the simplification of extensor insertion, the 

action direction of muscle force, and the application of rigid 

thoracic model, which is directly connected with the upper 

endplate of L1. Data indicated that L1-2 disc segment was still 

under the influence of boundary condition. Therefore, it is 

necessary to develop a new T2-L1 disc segment or a flexible 

thoracic model in the next study. 

Because of many limitations, care should be taken in 

interpretation and these findings should be considered as trends 

rather than absolute values. Simulation in various settings 

would be necessary to compare the impact of those parameters 

on the biomechanical changes of adjacent segments. Clinical 
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significances were as follows : First, the stiffness difference 

between the Ti and PEEK rods was more crucial to the changes 

in the adjacent motion segments than the amount of fusion mass. 

Second, the motion changes at the lower adjacent segments are 

related to different load sharing patterns between Ti and PEEK 

rod and the direction of intersegmental rotation at the lower 

adjacent segments (especially, L5-S1 segment) is determined 

under the influence of the transmitted load through spacers. 

Third, mono-segmental fusion and posterior instrumentation 

with PEEK rods may lower the incidence of disc and facet 

degeneration at the upper adjacent segments compared to rigid 

rods. On the other hand, the possibility of facet and disc 

degeneration will be increasing at the lower adjacent segment 

in the long term. Forth, mono-segmental fusion and posterior 

instrumentation with Ti rods provokes disc and facet 

degeneration at the upper segments including the second 

adjacent segment. Contrarily, facet and disc degeneration will 

happen infrequently at the lower segments than upper adjacent 

segments in the long term. 
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국   
 

: 본 연구  목  요추부에  단분  합고 시에 semi-

rigid 후  고 과 rigid 후  고 시에 생하는 상하  인  분

에 생하는 생역학 인 효과를 합분  를 변  하여 

하 다. 

법:  1요추-천추 한요소모델  개 하고 사체실험 

데이   인하 다. 운동분  향  한 추부 

모델  요추부 모델에 추가하고 요추 굴곡  신 시 생하는 

골  회  고 하여 하  요추에 생하는 과장  운동 변 를 

이고자 하 다. 다 과 같  가지 모델  각 합분  를 

( 3요추-4요추간, 4요추- 5요추간, 5요추- 1천추간) 

다르게하여 구축하 다. : Ti+IS(Ti고 막 를 사용한 고 과 

추체간 spacer를 이용한 합 ), PEEK+IS(PEEK고 막 를 

사용한 고 과 추체간 spacer를 이용한 합 ), 그리고 

PEEK(추체간 합  하지 않  PEEK 고 막 를 이용한 고 ), 

상 모델. 상 립 , 30도 굴곡, 20도 신 시  계산하 다. 

결과: 3-4, 4-5요추 합분  모델에  PEEK+IS 모델  

상 분 들에  분  회 , 추간판내압, 후  ,  

단부하가 Ti+IS모델과 상모델에 해 감소하 고 하  

분 에 부  인  하  분 지 분 회 , 후  , 후  
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인  장 ,  단부하가 증가하 다. 단, 추간판내압에는 

상모델보다 약간 감소하 나 큰 변 를 보이지 않았다. Ti+IS 

모델  상 분 들에  분  회 , 추간판내압, 후  , 

후  인  장 ( 4-5 요추 합분  모델만),  

단부하가 상  PEEK+IS모델에 해 크게 증가하 고 하  

분 에는 분  회 , 추간판내압, 후  인  장 ,  

단부하가 감소하 다. 후   상보다 증가하 나 

PEEK+IS보다 감소하 다. 5요추- 1천추 합분  모델에 는 

 모델간에 생역학  인자  차이가 없었다. 

Conclusions: PEEK 고 막 를 이용한 후 고  Ti 고 막  

보다 상  분 들에  추간판  후  변  막는 효과가 있다. 

하지만, 하  분 들에  인 분 변  가능 이  높아지는 

효과가 상 다. 히 , Ti 고 막  하  분 에  상보다 

보 효과가 찰 었다. 하지만 5요추- 1천추간 모델에 는 

고 막  강직도에 상 없이 상 분 에 변 가능 이 높아진다. 

각 합분  에 른 생역학  결과 분 에  에 른 

인 분 에 작용하는 stress차이를 명하는  고 막  

강직도에 른 load transmission  차이가 하  분 에 회  

하고 이를 보상하  해 생하는 상  분  2차 인 

회 에 변 를 일 킨 것  추 다. 

------------------------------------- 
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주요어 : 인 분  변 , 한요소 분 , 고 막  강직도, PEEK, 

Titanium(Ti)  

 

학  번 : 2003-30632  
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Table 1. Mechanical property of annular fiber 

 

Annulus fiber Young’s modulus (MPa) 

Innermost anterior layer  34 (ε < 0.031), 28 (ε > 0.031) 

2nd layer of the anterior section 42.67 (ε < 0.04), 75.33 (ε > 0.04) 

3rd layer of the anterior section 51.33 (ε < 0.03), 122.67 (0.03 < ε < 0.049), 422.67 (ε > 0.049) 

Outermost anterior section  60 (ε < 0.037), 170 (0.037 < ε < 0.058), 620 (ε > 0.058) 

Innermost lateral section 17.25 (ε < 0.039), 14.05 (ε > 0.039) 

2nd layer of the lateral section 33.17 (ε < 0.05), 61.03 (ε > 0.05) 

3rd layer of the lateral section 49.08 (ε < 0.035), 108.02 (0.035 < ε < 0.06), 374.68 (ε > 0.06) 

Outermost lateral section 65 (ε < 0.044), 155 (0.044 < ε < 0.071), 555 (ε > 0.071) 

Innermost posterior section  0.5 (ε < 0.047), 0.1 (ε > 0.047) 

2nd layer of the posterior section 23.67 (ε < 0.059), 46.73 (ε > 0.059) 

3rd layer of the posterior section 46.83 (ε < 0.041), 93.37 (0.041 < ε < 0.072), 326.70 (ε > 0.072) 

Outermost posterior section  70 (ε < 0.05), 140 (0.05 < ε < 0.084), 490 (ε > 0.084) 
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Table 2. Absolute disc angle (degrees) 
 

Erect                     

Disc 
Intact 

L3/L4 L4/L5 L5/S1 

Angle PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2(3) 4.49 5.83 5.45 4.84 4.97 4.65 4.33 4.48 4.25 4.09 

L2/L3(3) 5.92 7.18 6.86 6.13 6.51 6.16 5.68 5.53 5.14 5.01 

L3/L4(7) 10.03 6.2 7.19 7.09 10.77 10.41 9.67 8.84 8.23 8.15 

L4/L5(10) 10.9 11.68 11.48 11.93 8.56 10.07 10 7.79 6.81 6.8 

L5/S1(13) 6.73 7.76 7.59 7.8 7.66 7.03 8.03 10.82 12.69 12.7 

 
Flx30 

                    

Disc 
Intact 

L3/L4 L4/L5 L5/S1 

Angle PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2(3) 9.17 8.7 8.41 3.58 7.59 7.2 4.9 6.29 5.63 6.06 

L2/L3(3) 4.98 4.84 4.83 -0.77 3.76 3.37 0.33 1.02 -0.01 0.25 

L3/L4(7) 3.53 4.59 6.56 6.5 2.44 2.28 0.32 0.01 -0.96 -0.91 

L4/L5(10) 1.37 1.43 1.08 4.64 6.13 9.3 9.44 -5.23 -7.01 -7.09 

L5/S1(13) -3.53 -4.07 -4.58 -1.97 -5.52 -6.96 -2.82 8.53 12.01 12.08 

 
Ext20 

                    

Disc 
Intact 

L3/L4 L4/L5 L5/S1 

Angle PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2(3) 4.38 5.75 5.57 7.24 5.86 5.86 6.47 5.94 6.02 6.03 

L2/L3(3) 6.31 7.51 7.39 9.1 7.91 7.9 8.49 7.82 7.86 7.85 

L3/L4(7) 11.65 7.44 7.57 7.5 13.26 13.26 13.94 13.1 13.02 13.03 

L4/L5(10) 15.48 15.88 15.92 15.32 10.58 10.61 10.44 16.76 16.43 16.45 

L5/S1(13) 16.81 18.26 18.3 16.91 18.24 18.23 17.23 12.99 13.23 13.18 

(+: lordotic, extended, -: kyphotic, flexed) 
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Table 3. Relative disc angle  
 

Disc angle 
(degrees)  

L1/L2  L2/L3  L3/L4  L4/L5  L5/S1  

Ext20  Erect  Flx30  Ext20  Erect  Flx30  Ext20  Erect  Flx30  Ext20  Erect  Flx30  Ext20  Erect  Flx30  

L3-4 PEEK 1.37 1.34 -0.47 1.2 1.26 -0.14 -  -   -   0.39 0.78 0.06 1.45 1.03 -0.54 

L3-4 PEEK+IS 1.19 0.96 -0.76 1.07 0.94 -0.14 -  -   -   0.43 0.58 -0.3 1.48 0.87 -1.06 

L3-4 Ti+IS 2.87 0.35 -5.59 2.78 0.2 -5.75 -  -   -   -0.17 1.02 3.26 0.1 1.07 1.56 

L4-5 PEEK 1.49 0.48 -1.58 1.59 0.59 -1.22 1.6 0.74 -1.08 -   -   -   1.42 0.94 -2 

L4-5 PEEK+IS 1.49 0.16 -1.97 1.58 0.24 -1.61 1.61 0.38 -1.25 -   -   -   1.42 0.31 -3.44 

L4-5 Ti+IS 2.09 -0.16 -4.27 2.18 -0.24 -4.65 2.28 -0.36 -3.21 -   -   -   0.41 1.3 0.71 

L5-S1 PEEK 1.56 -0.01 -2.87 1.5 -0.39 -3.96 1.44 -1.19 -3.51 1.28 -3.11 -6.6 -   -   -   

L5-S1 PEEK+IS 1.65 -0.24 -3.54 1.54 -0.78 -4.98 1.37 -1.8 -4.49 0.95 -4.1 -8.38 -   -   -   

L5-S1 Ti+IS 1.66 -0.4 -3.11 1.54 -0.91 -4.73 1.37 -1.87 -4.44 0.97 -4.1 -8.47 -   -   -   

Relative disc angle = disc angle in the instrumented model after loading - disc angle in the intact model after loading  
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Table 4. Relative motion increment (RMI) in the L3-4 instrumented model 
  

 L3-4 model   Erect (degrees) flexion 30 
ROM        

(flexion-erect) 
 flexion RMI  

(%) 
extension 20 

ROM  
(extension-erect) 

 extension RMI 
(%) 

L1-2, uppermost  

intact 4.49 9.17 4.68 100  4.38 -0.11 100  

PEEK 5.83 8.7 2.87 61  5.75 -0.08 73  

PEEK+IS 5.45 8.41 2.96 63  5.57 0.12 -109  

Ti+IS 4.84 3.58 -1.26 -27  7.24 2.4 -2182  

L2-3, upper 

intact 5.92 4.98 -0.94 100  6.31 0.39 100  

PEEK 7.18 4.84 -2.34 249  7.51 0.33 85  

PEEK+IS 6.86 4.83 -2.03 216  7.39 0.53 136  

Ti+IS 6.13 -0.77 -6.9 734  9.1 2.97 762  

L3-4, index  

intact 10.03 3.53 -6.5 100  11.65 1.62 100  

PEEK 6.2 4.59 -1.61 25  7.44 1.24 77  

PEEK+IS 7.19 6.56 -0.63 10  7.57 0.38 23  

Ti+IS 7.09 6.5 -0.59 9  7.5 0.41 25  

L4-5, lower  

intact 10.9 1.37 -9.53 100  15.48 4.58 100  

PEEK 11.68 1.43 -10.25 108  15.88 4.2 92  

PEEK+IS 11.48 1.08 -10.4 109  15.92 4.44 97  

Ti+IS 11.93 4.64 -7.29 76  15.32 3.39 74  

L5-S1, lowermost  

intact 6.73 -3.53 -10.26 100  16.81 10.08 100  

PEEK 7.76 -4.07 -11.83 115  18.26 10.5 104  

PEEK+IS 7.59 -4.58 -12.17 119  18.3 10.71 106  

Ti+IS 7.8 -1.97 -9.77 95  16.91 9.11 90  

RMI=(ROM of instrumented model)/(ROM of intact model) *100 
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Table 5. Relative motion increment (RMI) in the L4-5 instrumented model 
  

 L3-4 model   Erect (degrees) flexion 30 
ROM        

(flexion-erect) 
 flexion RMI  

(%) 
extension 20 

ROM  
(extension-erect) 

 extension RMI  
(%) 

L1-2, uppermost  

intact 4.49 9.17 4.68 100 4.38 -0.11 100  

PEEK 4.97 7.59 2.62 56  5.86 0.89 -809  

PEEK+IS 4.65 7.2 2.55 54  5.86 1.21 -1100  

Ti+IS 4.33 4.9 0.57 12  6.47 2.14 -1945  

L2-3, upper  

intact 5.92 4.98 -0.94 100  6.31 0.39 100  

PEEK 6.51 3.76 -2.75 293  7.91 1.4 359  

PEEK+IS 6.16 3.37 -2.79 297  7.9 1.74 446  

Ti+IS 5.68 0.33 -5.35 569  8.49 2.81 721  

L3-4, upper  

intact 10.03 3.53 -6.5 100 11.65 1.62 100  

PEEK 10.77 2.44 -8.33 128  13.26 2.49 154  

PEEK+IS 10.41 2.28 -8.13 125  13.26 2.85 176  

Ti+IS 9.67 0.32 -9.35 144  13.94 4.27 264  

L4-5, index  

intact 10.9 1.37 -9.53 100  15.48 4.58 100  

PEEK 8.56 6.13 -2.43 25  10.58 2.02 44  

PEEK+IS 10.07 9.3 -0.77 8  10.61 0.54 12  

Ti+IS 10 9.44 -0.56 6  10.44 0.44 10  

L5-S1, lower  

intact 6.73 -3.53 -10.26 100  16.81 10.08 100  

PEEK 7.66 -5.52 -13.18 128  18.24 10.58 105  

PEEK+IS 7.03 -6.96 -13.99 136  18.23 11.2 111  

Ti+IS 8.03 -2.82 -10.85 106  17.23 9.2 91  

RMI=(ROM of instrumented model)/(ROM of intact model) *100 
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Table 6. Relative motion increment (RMI) in the L5-S1 instrumented model 
  

 L5-S1 model   erect flexion 30 
ROM        

(flexion-erect) 
 flexion RMI  

(%) 
extension 20 

ROM  
(extension-erect) 

 extension RMI  
(%) 

L1-2, uppermost  

intact 4.49 9.17 4.68 100  4.38 -0.11 100 

PEEK 4.48 6.29 1.81 39  5.94 1.46 -1327  

PEEK+IS 4.25 5.63 1.38 29  6.02 1.77 -1609  

Ti+IS 4.09 6.06 1.97 42  6.03 1.94 -1764  

L2-3, upper  

intact 5.92 4.98 -0.94 100 6.31 0.39 100  

PEEK 5.53 1.02 -4.51 480  7.82 2.29 587  

PEEK+IS 5.14 -0.01 -5.15 548  7.86 2.72 697  

Ti+IS 5.01 0.25 -4.76 506  7.85 2.84 728  

L3-4, upper  

intact 10.03 3.53 -6.5 100 11.65 1.62 100  

PEEK 8.84 0.01 -8.83 136  13.1 4.26 263  

PEEK+IS 8.23 -0.96 -9.19 141  13.02 4.79 296  

Ti+IS 8.15 -0.91 -9.06 139  13.03 4.88 301  

L4-5, upper  

intact 10.9 1.37 -9.53 100 15.48 4.58 100  

PEEK 7.79 -5.23 -13.02 137  16.76 8.97 196  

PEEK+IS 6.81 -7.01 -13.82 145  16.43 9.62 210  

Ti+IS 6.8 -7.09 -13.89 146  16.45 9.65 211  

L5-S1, index  

intact 6.73 -3.53 -10.26 100  16.81 10.08 100 

PEEK 10.82 8.53 -2.29 22  12.99 2.17 22  

PEEK+IS 12.69 12.01 -0.68 7  13.23 0.54 5  

Ti+IS 12.7 12.08 -0.62 6  13.18 0.48 5  

RMI=(ROM of instrumented model)/(ROM of intact model) *100 
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Table 7. Intradiscal pressure  
                

 Pressure (kPa) 
L1/L2  L2/L3  L3/L4  L4/L5  L5/S1  

Ext20  Erect  Flx30  Ext20 Erect  Flx30 Ext20 Erect  Flx30 Ext20 Erect  Flx30 Ext20 Erect  Flx30 

Intact  423.2 664.2 999.5 348.5 597.8 957.7 295.2 479.6 899.8 289.3 449.8 964.5 227.7 568.6 1114 

L3-4 PEEK 426.7 661.1 993.4 374.8 612.3 957.2 144.2 427.5 886.9 322 451.6 960 244.3 553.8 1121 

L3-4 PEEK+IS 427.6 660.5 976.5 375.3 611.6 944.5 7.72 22.03 46.12 324 452.6 946.2 245.9 556.8 1113 

L3-4_Ti+IS 431.1 671.5 1068 414.4 613.6 1055 6.81 19.89 44.58 345.4 439.9 860.8 270.4 543.8 1080 

L4-5 PEEK 412.2 655.9 1003 371.5 597.3 988.4 355.7 487.1 929.7 107.7 426.2 999 252.7 535.7 1140 

L4-5 PEEK+IS 413.1 660.5 994.2 372.6 598.9 988 358.9 490.7 932.5 6.69 17.85 38.58 254.6 549 1148 

L4-5_Ti+IS 406.1 673.3 1063 379.4 607.2 1069 379.2 493.8 1032 4.46 16.18 39.81 255.3 513.6 1117 

L5-S1 PEEK 397.4 679 1110 351.6 614.7 1128 326.3 498.5 1101 321.3 516.3 1196 176.4 608.4 1345 

L5-S1 PEEK+IS 401.5 690 1146 356.9 626.1 1171 327.1 517.5 1163 316 548.9 1235 5.65 11.24 24.03 

L5-S1_Ti+IS 401.3 696.4 1138 357 630.6 1166 327.5 521.7 1160 316.4 551.1 1237 4.9 11.48 25.24 
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Table 8. Facet contact force 
               

Facet contact force (N)  
L1/L2  L2/L3  L3/L4  L4/L5  L5/S1  

Ext20  Erect  Flx30  Ext20 Erect  Flx30 Ext20 Erect  Flx30 Ext20 Erect  Flx30 Ext20 Erect  Flx30 

Intact  190.3 163.7 320 374.2 250.6 247.5 487.4 301.7 214.1 494.1 319.9 194.7 420 258.7 0 

L3-4 PEEK 313.3 241.2 305.8 528.4 341.9 253.2 0 57.1 182.3 688 388.1 223.6 520.7 314.5 0 

L3-4 PEEK+IS 296.7 220.4 302.6 510.8 323.4 258.9 0 0 41.9 672 379.8 248 513.5 305.6 0 

L3-4_Ti+IS 446.6 186.4 222.7 660.8 284.9 120.2 0 0 0 599.1 404.1 345.9 489.1 325.5 113.7 

L4-5 PEEK 326.4 190.5 286.9 522 280.6 232.1 635.7 334.9 179.6 0 159.6 275 561.3 286.6 0 

L4-5 PEEK+IS 327.4 172.7 290.9 522.8 263.4 230.3 634.5 326.4 175.8 0 0 87 552.9 293.9 0 

L4-5_Ti+IS 384.2 155 258.7 579 241.8 171.9 677.3 308.1 136.2 0 0 0 503.8 348.2 125.7 

L5-S1 PEEK 341.3 171.7 283.8 530.2 249.5 227.9 606.9 294.1 224.4 573.7 273.7 0 268.4 425.2 409.2 

L5-S1 PEEK+IS 351 161.1 286.4 537.8 235.3 227.2 609.1 284.4 211.1 574.9 261.3 0 3.3 0 0 

L5-S1_Ti+IS 350.4 150 296.4 537.5 224.2 238.8 609 276.4 219.7 573.7 255.8 0 0 0 0 
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Table 9. Tension force (N) of ligaments in erect standing position   
             

ALL Intact 
L3/L4 L4/L5 L5/S1 

 TPL Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 21.8 58.7 46.6 29.1 33.1 25.5 18.2 20.7 15.8 13 
 

L1/L2 0 0 0 0 0 0 0 0 0 0 

L2/L3 60.4 109.9 97 67.2 82.5 69 51.5 45.4 33.5 29.9 
 

L2/L3 0 0 0 0 0 0 0 0 0 0 

L3/L4 42.6 0 0 0 71.6 58.5 30 7.2 4.5 4.2 
 

L3/L4 0 0 0 0 0 0 0 0 0 0 

L4/L5 3.2 6.4 5.5 8.2 0 0 0 0 0 0 
 

L4/L5 0 0 0 0 0 0 0 0 0.1 0.1 

L5/S1 0.7 1.4 1.2 1.3 1 0.6 1 6.7 0 0 
 

L5/S1 1.1 0.6 0.7 0.6 0.6 0.9 0.5 0 0 0 

                      
 

                      

PLL Intact 
L3/L4 L4/L5 L5/S1 

 ISPL Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 1.1 0.7 0.8 1 0.9 1 1.2 1.1 1.3 1.4 
 

L1/L2 0 0 0 0 0 0 0 0 0 0 

L2/L3 0.7 0.7 0.7 0.8 0.7 0.7 0.9 0.9 1.2 1.2 
 

L2/L3 0 0 0 0 0 0 0 0 0 0 

L3/L4 0 0.6 0 0 0 0 0 0 0 0 
 

L3/L4 0 0 0 0 0 0 0 0 0 0 

L4/L5 0 0 0 0 0.5 0 0 1.3 3.5 3.5 
 

L4/L5 0 0 0 0 0.2 0 0 1.5 5.9 5.9 

L5/S1 49.6 28.7 31.4 28.7 27.9 38.9 22.8 2.1 0 0 
 

L5/S1 14.1 10.7 11.3 10.8 10.2 11.8 8.8 1 0.4 0.4 

                      
 

                      

CL Intact 
L3/L4 L4/L5 L5/S1 

 LF Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 219.6 350.6 315.9 256 267.9 237.4 203.8 215.6 191.1 175.7 
 

L1/L2 0 0 0 0 0 0 0 0 0 0 

L2/L3 263.8 345.9 319.5 274.4 305.8 283.2 248.6 233.1 203.4 193.4 
 

L2/L3 0 0 0 0 0 0 0 0 0 0 

L3/L4 229.3 5.9 3.9 5.6 243 220.4 185.4 152.4 113.2 108.7 
 

L3/L4 0 0 0 0 0 0 0 0 0 0 

L4/L5 56.2 111.7 100.8 118 4.6 1.1 2.6 4.3 6.6 6.5 
 

L4/L5 0 0 0 0 0 0 0 0 0.8 0.7 

L5/S1 35.3 17.6 19.7 17.8 15.7 23.1 12 6.3 0.6 0.6 
 

L5/S1 18.1 12.8 13.6 12.8 12.3 15 10.3 0 0.3 0.3 

                      
            

SSPL Intact 
L3/L4 L4/L5 L5/S1 

            

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
            

L1/L2 0 0 0 0 0 0 0 0 0 0 
            

L2/L3 0 0 0 0 0 0 0 0 0 0 
            

L3/L4 0 0 0 0 0 0 0 0 0 0 
            

L4/L5 0 0 0 0 1.8 0 0 3.8 10.6 10.5 
            

L5/S1 31.8 23.6 24.9 23.7 22 25.8 18.5 3.5 1 0.9 
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Table 10. Tension force of ligaments during 30˚ flexion  
               

ALL Intact 
L3/L4 L4/L5 L5/S1 

 TPL Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 138.8 119.9 109.9 8 81.6 71.7 23 47.4 34.2 42.4 
 

L1/L2 0 0 0 0 0 0 0 0 0 0 

L2/L3 25.7 23.5 24 1.1 10.4 6.7 0.8 1.3 2 1.9 
 

L2/L3 0 0 0 0.1 0 0 0 0 0 0 

L3/L4 0 0 0 0 0 0 0 0 0 0 
 

L3/L4 0.1 0 0 0 0.3 0.3 0.7 0.8 1.2 1.2 

L4/L5 0 0 0 0 0 0 0 0.7 2.3 2.2 
 

L4/L5 1.7 1.8 2.2 0.4 0 0 0 10.9 12.7 12.8 

L5/S1 1.4 2.1 2.3 0.6 4.2 5.8 1.2 18.6 0 0 
 

L5/S1 13.7 14.5 15.2 11.7 17.2 18.9 13.4 0 0 0 

                      
 

                      

PLL Intact 
L3/L4 L4/L5 L5/S1 

 ISPL Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 2 2 1.9 4.4 2.2 2.2 3.4 3.5 4.1 3.8 
 

L1/L2 0.1 0 0 0 0.1 0 0.2 0.1 0.1 0.2 

L2/L3 4.6 4.5 4.3 16.1 5.7 6.2 12.6 11.8 15 14.3 
 

L2/L3 0 0 0 8.5 0 0.1 5.2 2.4 7.2 6.1 

L3/L4 5.8 4 0 0 9.7 10.4 21.6 24.4 34.2 33.9 
 

L3/L4 7.2 1.3 1.1 0 11.8 14.2 26.7 33.8 40.8 40.6 

L4/L5 36 35.6 40.5 11.1 6.7 0 0 149.3 177.7 179.9 
 

L4/L5 30.6 30.5 31.5 14.8 4.8 3.5 2.8 55.5 62.4 62.7 

L5/S1 259.6 273.3 285.3 237.4 306.4 339.1 253.7 18.8 2.3 1.5 
 

L5/S1 43.3 44.9 46.4 39.3 49.3 52.1 40.9 2.7 1.6 1.5 

                      
 

                      

CL Intact 
L3/L4 L4/L5 L5/S1 

 LF Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 547.4 514.6 492.6 68.4 425.6 394.2 188.3 323 263.4 302.2 
 

L1/L2 0.3 0 0.2 0.1 0 0.2 0 0.1 0.1 0.1 

L2/L3 164.2 152.6 142 17.7 73.1 50.1 9 8.3 12.8 11.3 
 

L2/L3 0 0 0 2.8 0 0.1 0.1 0 0.2 0.1 

L3/L4 10.1 6.2 1.7 8.3 28 32.2 103.1 130.1 184.7 183.3 
 

L3/L4 0.2 0 0 0 3.4 4.7 16 19.6 27.5 27.2 

L4/L5 135.5 136.4 150.8 25.3 6.8 2.1 2.8 322 355.3 357.3 
 

L4/L5 20.7 20.6 22.3 3.5 0 0.6 0.4 55.8 64.9 65.4 

L5/S1 315.9 330.1 343.3 283.3 372.1 396.4 303.5 7.7 1.6 1.6 
 

L5/S1 63.7 66.3 69 57.2 74.2 79.4 60.3 0 1.3 1.1 

                      
            

SSPL Intact 
L3/L4 L4/L5 L5/S1 

            

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 
            

L1/L2 0 0 0.1 0.1 0.1 0.1 0 0.3 0 0 
            

L2/L3 0.2 0.1 0 17 0 0.1 11 6.2 14.8 12.7 
            

L3/L4 14.7 5.3 2.4 0.9 23 28.3 53 68.8 82.3 81.8 
            

L4/L5 65.1 64.6 66.3 30.1 11.4 6.5 5.8 117.8 133.6 134.2 
            

L5/S1 106.9 110.7 114.6 96.1 120.9 127 99.4 8.7 4.1 3.8 
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Table 11. Tension force (N) of ligaments during 20˚ extension 
   

ALL Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 36.6 93.2 84.7 185.6 102.6 103 138.6 107.7 111.9 111.8 

L2/L3 119.5 202.6 192.6 367.8 237 235.5 299.6 231.8 232.4 232.7 

L3/L4 190.9 1.8 16 15.1 327.5 327 392 308.9 295.7 296.5 

L4/L5 252.5 315 316.2 235.7 2.6 22.2 17.3 356.9 320.6 322.1 

L5/S1 101.5 159.8 161.5 100.8 165.9 163.9 116.4 4.5 3.7 2.7 

                      

CL Intact 
L3/L4 L4/L5 L5/S1 

PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS PEEK PEEK+IS Ti+IS 

L1/L2 255.2 388.4 371.8 517.9 399 399.1 452.8 401.5 408.6 408.6 

L2/L3 313.6 396.2 382.7 474.5 422.8 421.8 457.7 411.3 412.8 413.1 

L3/L4 328.4 11.9 9.1 7.8 371.2 364.1 387.3 398.4 393.4 393.8 

L4/L5 238.1 272.2 271.9 254.8 4.7 5.9 5.6 244.1 226.7 227.2 

L5/S1 96.4 145.6 147.1 105.3 166.4 163.1 129 4.9 1.7 1.6 
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